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Oncogenic K-Ras Binds to an Anionic Membrane in Two Distinct
Orientations: A Molecular Dynamics Analysis
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ABSTRACT K-Ras is a membrane-associated GTPase that cycles between active and inactive conformational states to regu-
late a variety of cell signaling pathways. Somatic mutations in K-Ras are linked to 15-20% of all human tumors. K-Ras attaches to
the inner leaflet of the plasma membrane via a farnesylated polybasic domain; however, the structural details of the complex
remain poorly understood. Based on extensive (7.5 us total) atomistic molecular dynamics simulations here we show that onco-
genic mutant K-Ras interacts with a negatively charged lipid bilayer membrane in multiple orientations. Of these, two highly popu-
lated orientations account for ~54% of the conformers whose catalytic domain directly interacts with the bilayer. In one of these
orientation states, membrane binding involves helices 3 and 4 of the catalytic domain in addition to the farnesyl and polybasic
motifs. In the other orientation, §-strands 1-3 and helix 2 on the opposite face of the catalytic domain contribute to membrane
binding. Flexibility of the linker region was found to be important for the reorientation. The biological significance of these obser-
vations was evaluated by initial experiments in cells overexpressing mutant K-Ras as well as by an analysis of Ras-effector com-
plex structures. The results suggest that only one of the two major orientation states is capable of effector binding. We propose

that the different modes of membrane binding may be exploited in structure-based drug design efforts for cancer therapy.

INTRODUCTION

H-, N-, and K-Ras proteins are membrane-associated molec-
ular switches that regulate many signaling pathways
involved in cell growth and division (1). Activating Ras mu-
tations, typically at codons 12, 13, and 61, are associated
with 15-25% of all human cancers (2); K-Ras mutations ac-
count for 85% of all oncogenic Ras mutations (3). Decades
of sustained efforts produced a wealth of data that paints a
detailed picture of Ras function at the molecular level
(e.g., (1,4-11)). This includes insights into how conforma-
tional changes accompanying nucleotide exchange and
GTP hydrolysis enable Ras to cycle between active and
inactive conformational states. However, it remains unclear
how Ras proteins that share a highly conserved catalytic
domain (residues 1-166; >95% conserved) mediate several
different signal outputs (12).

Differential membrane binding via the hypervariable re-
gion (HVR, residues 167-185/6) has been proposed as a
possible mechanism by which Ras proteins achieve
signaling specificity (11,13). This is supported by the fact
that K-Ras preferentially targets negatively charged mem-
branes via a C-terminal farnesylated and polybasic domain,
whereas in N- and H-Ras farnesylation is complemented by
palmitoyl modification for attachment mostly to neutral
membranes. Moreover, recent studies suggested that nucle-
otide-dependent membrane reorientation might lead to iso-
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form-dependent regulation of function (14-19). This
suggests that the specific orientation of the catalytic domain
(CD) can have an important role in Ras function due to the
potential occlusion of functionally responsive surfaces by
the membrane.

First proposed by molecular dynamics (MD) simulation
studies (16), regulation of Ras function by membrane reor-
ientation has been subsequently supported by experiments
in cells (15), synthetic membranes (17,18), and lipid nano-
discs (19). Additional studies have shown that Ras binding
to downstream effectors such as Raf is sensitive to the spe-
cific membrane orientation of the CD and hence the relative
accessibility of the canonical switches S1 (residues 30—40)
and S2 (residues 60-75) to interaction partners (e.g.,
(14,15,19)). At the teleological level, the correlation be-
tween activity and membrane orientation may be under-
stood from the structural differences between GDP- and
GTP-bound Ras. However, understanding exactly what un-
derpins this correlation at the atomic level is far from trivial.

A recent report proposed that GTP/GDP exchange gives
rise to differential distribution of positively charged surface
patches on the CD of K-Ras, leading to differential engage-
ment with a negatively charged bilayer surface (19). Sur-
prisingly, the effector-binding surface was found occluded
by the membrane in the GTP-bound form. Moreover, KSN
and D153V mutations, two Rasopathy mutations that do
not affect the GTPase cycle, “relieve the occluded orienta-
tion by directly altering the electrostatics of two membrane
interaction surfaces” (19). However, electrostatics alone
may not explain how charge-neutral mutations, which
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represent the vast majority of oncogenic and Rasopathy mu-
tations, would alter membrane orientation. Furthermore, as
suggested previously (15-19), nucleotide- and mutation-
dependent differences in membrane orientation likely
involve changes in conformation and fluctuations that are
communicated across long distances, leading to changes
in the relative population of different orientation states. In
other words, Ras membrane reorientation is a dynamic pro-
cess underpinned by an intrinsic propensity to sample mul-
tiple conformations and hence orientation states; the effect
of nucleotide and/or mutation would then be altering the
population of states and/or the rate of interconversion be-
tween states. This hypothesis, namely, Ras has an intrinsic
propensity to sample multiple orientation states, can be
tested directly by showing that a single Ras protein sponta-
neously samples different orientation states. This is the goal
of the current work.

As a model system, we chose the constitutively active
oncogenic mutant K-Ras4B G12D (hereafter K-Ras) in its
GTP-bound form (K-Ras.GTP). We chose this system
both because of its intrinsic importance in cancer research
and because oncogenic mutants often lead to enhanced dy-
namics (20). Building upon our previous successes in study-
ing Ras dynamics at membranes (16), we applied a fully
atomistic MD approach to generate extensive sets of trajec-
tories (totaling >7.5 us simulation time) of K-Ras attached
to a negatively charged bilayer. We found that the catalytic
domain directly interacts with the bilayer via multiple sur-
faces and in different orientations. Two of these orientations
are highly populated within the simulations timescale. In
one of these, the canonical switches S1 and S2 are available
for interaction with other proteins, but they are partially or
fully occluded in the other orientation. The bilayer-interact-
ing surfaces are located at helices 3/4 (orientation state 1)
and strands 1-3/helix 2 (orientation state 2), with a few res-
idues at loop7 (and occasionally helix 2) providing a
toehold as the CD rocks between these two states via the
HVR tether. We also show that the linker region in the
HVR plays a key role in the reorientation of the CD, and
that enhanced dynamics of the whole protein or just the
linker enables sampling of a range of membrane orientation
states.

MATERIALS AND METHODS

We performed 20 independent simulations on G12D K-Ras attached to a
POPC/POPS (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine/1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphoserine) bilayer. The simulations were
divided into four groups (Fig. 1). Unless stated otherwise, different initial
conditions or sampling strategies were employed in simulations of different
groups, whereas simulations within the same group differed only by the
assignment of initial velocities. The first group (NormK-Ras) involved 10
runs of at least 400 ns each (minimum total length of 4 us). The second
group (NocmapK-Ras) of three 800 ns runs was the same as NormK-Ras
except that no CHARMM CMAP correction was used (see Molecular Dy-
namics Simulation, below). The goal of the no-CMAP simulations was to
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allow increased flexibility at loop regions, as described in detail by
Buck et al. (21); previously, this approach allowed us to sample open
switch conformations of Ras in solution (22). The third group, referred
to as PalmK-Ras, involved three runs of 100 ns each conducted on a
system in which S181 was replaced by a palmitoylated Cys and no
CMAP dihedral correction was applied. The fourth group consisted of
four 200 ns simulations with CMAP on a K-Ras variant with residues
170-173 mutated to Gly (PolyGlyK-Ras). The aggregate simulation time
was close to 8 us.

Model building

We simulated full-length (residues 1-185), farnesylated K-Ras in a nega-
tively charged bilayer made up of 320 POPC and 96 POPS lipids (20%).
Simulations were initiated from a model built by ligating the crystal struc-
ture of G12D K-Ras (23) (PDB: 4DSO, residues 1-173) to a K-Ras lipid
anchor (tK, residues 174—185) bound to a POPC/POPG bilayer; the tK
structure was the most stable conformation in a previous MD simulation
of the peptide in a POPC/POPG (palmitoyloleoylphosphoglycerol) bilayer
(24). Mg*", GTP, and crystal waters were kept. The resulting K-Ras-POPC/
POPG complex was solvated by adding TIP3P waters with the ionic
strength set to 0.15 M by adding appropriate numbers of Na™ and Cl~
ions, yielding a system size of ~200,000 atoms (Fig. | B).

The system was then relaxed by running a 20 ns-long MD simulation
without CMAP, the condition in which the previous tK-POPC/POPG com-
plex was simulated (24). We used POPG in the previous work because it
was one of the best-characterized anionic lipids at the time. The difference
between the negatively charged lipids POPG and POPS is limited to the
headgroup: —CHOHCH,(OH), versus —CHNH;CO,. However, K-Ras dis-
criminates between anionic lipids and preferentially targets PS (Y.Z. and
J.EH., unpublished data; (25)), which is the most common anionic lipid
in the plasma membrane of mammalian cells. We therefore swapped
POPG with POPS. After replacing POPG by POPS, the last snapshot of
this simulation was used as the starting point for NormK-Ras (except for
four runs that were started directly from the manually built K-Ras-POPC/
POPG system without a 20 ns relaxation) and NocmapK-Ras. The third
group (PalmK-Ras) was also started from this configuration but after intro-
ducing palmitoylation at position 181 of the protein. In each of the three
groups of simulations, the HVR was extended so that the CD was fully sol-
vated and far away from the bilayer, with the helices roughly perpendicular
to the bilayer surface (Fig. | B). To prepare the starting structure for the Pol-
yGlyK-Ras simulations, we mutated residues 170—173 to glycine on a snap-
shot taken at 275 ns of one of the NormK-Ras runs in which the HVR was
semiextended and the CD was in water.

Molecular dynamics simulation

After model building, each system was energy minimized for 2000 steps
with lipid and protein heavy atoms fixed and equilibrated for 200 ps with
the lipid phosphate and protein heavy atoms harmonically restrained with
a force constant k = 4 kcal/mol/A2, followed by four additional 100 ps
equilibration steps with k scaled by 0.75, 0.50, 0.25, and 0; the time step
was 1 fs. This was followed by production runs with a 2 fs time step using
SHAKE (26) to restrain all bonds involving hydrogen atoms. Particle-mesh
Ewald electrostatics (27) and 12 and 14 A cutoffs for nonbonded interac-
tions and pair-list update, were used with the switch function turned on
at 10 A. We used the NPT ensemble with constant pressure of 1 bar main-
tained by the Nosé-Hoover Langevin piston method and temperature of
310 K controlled by the Langevin thermostat method. The force field was
CHARMM27 for proteins (28) and CHARMM36 for lipids (29), with the
CMAP dihedral correction (30) applied in all simulations except Noc-
mapK-Ras and PalmK-Ras. Parameters for the palmitoyl and farnesyl
groups were from previous studies (16,31). All simulations were run with
the NAMD2.9 program (32).
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Sequence and structure of K-Ras and simulation setup. (A) Primary and secondary structure of G12D K-Ras, with structural elements shown in

orange (fB-strand), red (a-helix), and green (loop region). NormK-Ras refers to the unmodified G12D K-Ras in the GTP-bound form. Underlined residues
were mutated and highlighted in red: S181 was mutated to a palmitoylated Cys in PalmK-Ras; residues 170-173 were mutated to Gly in PolyGlyK-Ras.
Simulations in the NocmapK-Ras group are the same as in NormK-Ras with the only difference being application of CMAP dihedral correction in the latter
but not the former. The hexa-lysine stretch (residues 175—180) and farnesyl are highlighted in gray. Lobe 1 encompasses residues 1-86 and lobe 2 residues
87-166. (B) Starting structure of the full-length farnesylated G12D K-Ras embedded in a POPC/POPS bilayer (light green), with lobe 1 in blue, lobe 2 in
pink, HVR and farnesyl in gray and water shown as red dots. To see this figure in color, go online.

Reaction coordinate and statistical analysis

Displacement of the CD along the membrane normal (Z axis) was moni-
tored by the Z coordinates of the centers-of-mass of lobe 1 (residues
1-86, Zcom.1obe1) and lobe 2 (residues 87-166, Zcom.iobe2) (Fig. S1 in
the Supporting Material). Zcom.iobel aNd Zcom.iobez Were measured after
aligning the center of the bilayer to the origin. As schematically illustrated
in Fig. S1, the centers-of-mass of lobes 1 and 2 are located at opposite
sides of the CD so that once it is on the bilayer surface an increase in
Zcom-1ober Would lead to a decrease in Zcom.one2 and vice versa. The
normalized two-dimensional probability distribution of these two variables,
P(Zcom-1obels ZcoMlobe2), Yielded two major populations (hot color in
Fig. 3 C) centered at (—49, —39) and (—37.5, —46.5). Selecting only
P(Zcom-tobels Zcomatobe2) = 0.2, we defined orientation state (OS1) as
the population of conformers within dogientation = 6 A of (—49, —39)
and orientation state 2 (OS2) as the population of conformers within
dovientation = 5.6 A of (=37.5, —46.5). dosientation Was calculated as the
root mean-square (RMS) displacement of (Zcom-iobel, Zcom-lobe2) from
the reference mean position (Zeey', Zeen) (Eq. 1):

2 2
dOrientation = \/(ZCOM -lobel — Zcen’) + (ZCOM-lobe2 - Zcen”) ) {

With these strict criteria, 20 and 34% of the conformers were found to
belong to OS1 and OS2, respectively, from a total dataset of 153,000
conformers derived from the merged NormK-Ras simulations. Note that
in all of these snapshots the CD stably interacts with the membrane
surface (Fig. 2 A). For reference, the starting structure was located at
ZcoM-tobel = —69 and Zcom.iobe2 = —67, highlighting the large displace-
ment of the CD toward the bilayer surface.

Structural analysis and surface electrostatic
potential calculations

We used in-house scripts and VMD (33) to examine protein and bilayer
structural properties using standard techniques such as calculation of
RMS deviations, interatomic distances, and dihedral angles. Electrostatic
potentials were calculated with the Adaptive Poisson Boltzmann Solver
using default parameters, including an ionic strength of 150 mM and so-
lute/solvent dielectric constants of 2/78.54. The Parse atomic charges and
radii were used. Neutral pH was assumed with all Asp and Glu side chains

OS1 if dorientation <6.0; Zeew = —49; Zoew = —39
082 if dOriemation£5~6§ Leew = _375, Zeew = —46.5

M
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FIGURE 2 Direct interaction of K-Ras catalytic domain with membrane. Shown are contacts of CD residues with bilayer lipids during NormK-Ras (A),
NocmapK-Ras (B), and PalmK-Ras simulations (C). Based on the residues that are within 5 A of the membrane, the data show that the CD made direct
contact with the membrane within the simulations timescale in 8/10 of the NormK-Ras and 3/3 of the NocmapK-Ras runs. In (A) and (B), the initial
100 ns data was omitted as equilibration phase while (C) shows that even a K-Ras variant carrying a second lipid modification did not achieve significant
CD-bilayer interaction within 100 ns. Strands $1-3 are highlighted in orange and helices 2, 3, and 4 in red. To see this figure in color, go online.
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negatively charged and all Lys and Arg residues positively charged; all
other residues were neutral.

Electron microscopy and fluorescence lifetime
imaging microscopy—fluorescence resonance
energy transfer experiments

To examine the impact of K-Ras membrane reorientation on clustering
and hence function, we used the complementary techniques of electron
microscopy (EM) and fluorescence lifetime imaging microscopy-fluores-
cence resonance energy transfer (FLIM-FRET) that have proven useful in
similar previous studies (14,15). We refer the reader to those articles
(14,15) for the discussion of EM-spatial mapping and FLIM-FRET ana-
lyses. Only a very brief description is provided here.

For EM analysis, we used intact plasma membrane sheets of baby ham-
ster kidney (BHK) cells expressing green fluorescent protein (GFP)-tagged
K-Ras.G12V or its R73 mutants attached to EM grids, fixed with 4% PFA
(paraformaldehyde) and 0.1% glutaraldehyde and labeled with 4.5 nm gold
nanoparticles pre-coupled with anti-GFP antibody. Images were obtained
using a transmission EM, and a 1 um? area of the plasma membrane sheet
was selected and the x, y coordinates of each gold particle was assigned us-
ing ImageJ (National Institutes of Health, Bethesda, MD). The spatial dis-
tribution of the gold particles was calculated using Ripley’s K-function as
described previously (34-36). At least 15 plasma membrane sheets were
imaged and analyzed for each mutant. Bootstrap tests constructed as
described before (35,37) were used to measure statistical differences be-
tween replicated point patterns; statistical significance was evaluated
against 1000 bootstrap samples.

For FLIM-FRET measurements, BHK cells transiently expressing
GFP-tagged K-Ras variants with or without RFP-tagged cognate were
washed with PBS and fixed in 4% PFA. Fluorescence lifetime imaging
was conducted on a wide-field Eclipse microscope (Nikon, Melville,
NY) with a FLIM module attachment (Lambert Instruments, Roden, the
Netherlands). GFP fluorescence excitation was achieved using a sinusoi-
dally simulated, modulating 3 W, 468-nm light-emitting diode at 40 MHz
in combination with a 60 Plan-Apo/1.4-numerical-aperture oil immersion
lens. At least 60 cells from three independent experiments were imaged
for each mutant.

RESULTS

Our simulations were started with the lipid anchor already
embedded in the bilayer, and it remained embedded during
each of the 20 simulations. In other words, no dissociation
event was observed consistent with previous MD simula-
tions of tK (24), full-length K-Ras (14), and other Ras pro-
teins (16,38-40). The previous simulations of full-length
K-Ras were short (~30 ns) and used a zwitterionic
DMPC bilayer (14). The current simulations are signifi-
cantly longer (100-800 ns) and are conducted under
different conditions and in multiple copies using a POPC/
POPS bilayer, which is a better model of mammalian cell
membranes.

Membrane binding does not significantly affect
the structure of K-Ras

The structure of membrane-bound full-length K-Ras has not
been characterized in detail before. Given the conservation
of the CD across the Ras family, we did not expect dramatic
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structural changes upon membrane binding. We wanted to
check if this holds true in the simulations, especially in
the no CMAP runs that could give rise to unphysical struc-
tures (21). Fig. S2 shows the time evolution of the CD back-
bone atoms RMS deviations using the equilibrated initial
structure as a reference. One can see that all of the plots pla-
teaued at generally small values of 0.8-1.5 A (with
maximum 2.0 A Fig. S2). Even in the case of one of the Pol-
yGlyK-Ras runs where helix 3 elongated and straightened at
~90 ns (inset of Fig. S2), the plot plateaued after ~150 ns.
These suggest that our systems are well equilibrated and
the core structure of the CD is well preserved in both the
CMAP (NormK-Ras/PolyGlyK-Ras) and no-CMAP (Noc-
mapK-Ras/PalmK-Ras) simulations.

As expected, the protein was dynamic. This is reflected
in the conformational transitions around 30 ns in some
NormK-Ras and PalmK-Ras runs and at ~150 ns in two
NocmapK-Ras runs (Fig. S2). The Nocmap runs generally
yielded higher fluctuations at switches 1 and 2 and some
other loops similar to that shown in Fig. 6 of Prakash
et al. (22). In fact, the switch regions and loop7 are flexible
in almost all of the runs, consistent with previous observa-
tions (41,42). Loop7 plays a critical role in bilayer interac-
tion and will be discussed throughout the article. Overall,
the core structure of the K-Ras CD was not significantly
altered during the simulations but the use of multiple
runs in different conditions led to diverse fluctuations. No
major changes were observed in the bilayer structure either,
aside from localized effects at the site of contact with the
protein.

The catalytic domain of K-Ras interacts with the
surface of a negatively charged bilayer

As expected the primary source of bilayer affinity is the
interaction of the hexa-lysine and the farnesyl moieties
with the bilayer and hydrophobic core, respectively. To
check if membrane binding also involves other parts of
the protein, we monitored the time evolution of contacts be-
tween lipids and protein residues at the CD. Fig. 2, A and B,
shows that in 8 out of the 10 NormK-Ras runs and in all
three of the NocmapK-Ras simulations the CD makes direct
contact with the bilayer, which is in variance with a previous
simulation of K-Ras in DMPC (14). One reason for the
discrepancy is the extent of conformational sampling; the
formation of stable CD-bilayer interaction took >100 ns
(Fig. 2), three times longer than the previous simulations.
Another obvious difference is the fact that the anionic
POPC/POPS bilayer is a better host for the polybasic lipid
anchor of K-Ras.

Once on the bilayer surface, the CD remains bound for
the entire duration of the simulations. Furthermore, only a
small subset of the CD residues interacts with lipids, primar-
ily involving helix 2/8-strands 1-3 (81-3/h2) or helices 3
and 4 (h3/4). This is remarkable for a number of reasons.

Biophysical Journal 110(5) 1125-1138
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First, despite the fact that the CD was completely solvated
and away from the bilayer in the beginning, stable CD-
bilayer contacts emerged within a relatively short period
of time (several hundred nanoseconds). Second, CD-bilayer
interaction occurred in 11/13 (85%) of the normal K-Ras
simulations (NormK-Ras and NocmapK-Ras), irrespective
of the initial condition or extent of conformational fluctua-
tion. Third, the contacts are nonrandom and involve only a
few surface patches (61-3/h2 or h3/h4). Taken together,
these observations indicate that the CD of K-Ras is attracted
to and interacts with a negatively charged bilayer via spe-
cific sets of residues.

In previous studies, multiple copies of relatively short
MD simulations on GTP-bound G12V H-Ras (16) and
GDP-bound wild-type N-Ras (43) have led to direct interac-
tion between the catalytic domain and a zwitterionic bilayer.
In each case, the catalytic domain was almost nearly parallel
to the membrane plane, with helix 4 sitting on the surface.
All of the current simulations on G12D K-Ras, including
those performed without CMAP as in the previous G12V
H-Ras simulations (16), required a comparatively longer
simulation for CD-bilayer contacts to occur (Fig. 2). We
wondered if this difference could be due to the lack of pal-
mitoylation on K-Ras, which exists in both H- and N-Ras.
We tested this with three simulations on an artificial
construct where S181 was mutated to palmitoylated Cys
(PalmK-Ras); no CMAP was applied in these simulations
as in the previous H-Ras simulations (16). Fig. 2 C shows
that although one copy began to make a few contacts via
turn 32-63, none of the PalmK-Ras simulations led to a sta-
ble CD-bilayer interaction within 100 ns, which is about the
same length as the N-Ras runs (43) and three times longer
than those of H-Ras (16). We conclude that the apparently
slow membrane binding of K-Ras CD is not due to the
lack of palmitoylation.

We then turned to the rest of the HVR excluding the hexa-
lysine region, i.e., the linker residues 170—174. Inspection of
this region yielded a curious observation: the backbone
dihedral of G174, which is unique to K-Ras, adopts two
distinct values (Fig. S3). Because this appeared to be the pri-
mary source of the HVR flexibility, we reasoned that
increased dynamics of the linker region might lead to faster
reorientation of the catalytic domain. We tested this by sim-
ulations in which the entire segment is converted to Gly
(PolyGlyK-Ras, Fig. 1 A). The goal was to circumvent—
to the extent possible—sampling limitations by enforcing
faster dynamics of the HVR. Indeed, we found that the mu-
tations led to a substantially faster reorientation; more orien-
tation states were visited in <200 ns of the PolyGlyK-Ras
runs than was achieved by 2—4 times longer simulations in
the NormK-Ras and NocmapK-Ras series (Fig. 7). This
shows that the HVR plays an important role in the mem-
brane reorientation of K-Ras (discussed more in a later sec-
tion). Given the sequence divergence of Ras isoforms at the
HVR, we believe this observation has important implica-
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tions for isoform-specific temporal regulation of Ras func-
tion via membrane orientation.

The K-Ras catalytic domain interacts with
membrane primarily via two distinct surfaces

The contact maps in Fig. 2 suggest that CD-bilayer interaction
involves either exclusively lobe 1 (residues 1-86) or exclu-
sively lobe 2 (residues 87-166) but not both at the same
time. This means that structures derived from the combined
trajectory (separately for each simulation set) can be divided
into conformations in which lobe 1 interacts with the bilayer
and those in which the interaction is via lobe 2. This can be
done by tracking the movement of the centers-of-mass of
lobes 1 and 2 along the Z axis (see Materials and Methods;
Fig. S1). A two-dimensional histogram along Zcomiobel
and Zcom.iobe2 Yielded two dominant populations (Fig. 3 C).
We refer to these two populations as membrane orientation
state 1 (OS1) and membrane orientation state 2 (OS2). Note
that in OS1, lobe 2 is in close proximity to the membrane,
while, in OS2, lobe 1 interacts with the membrane (Fig. 3, A
and B). Other intermediate states are also observed. Specif-
ically, orientations that are sampled infrequently (colder
color, Fig. 3 C) may represent a possible pathway for intercon-
version between the two predominant orientations.

For further analysis, we separated conformers belonging
to OS1 from those belonging to OS2 (see Materials and
Methods) and calculated the frequency of bilayer contact
made by individual residues separately for OS1 and OS2
(Fig. 4 A). Several important lessons can be drawn from
this data. First, as expected, the farnesylated polybasic
C-terminus of K-Ras contributes the most to membrane
binding in both states. Second, in both OS1 and OS2, only
a few (often positively charged) side chains are responsible
for anchoring the CD to the surface of the bilayer; in each
case these residues are spread out in sequence space but
form only a single surface patch in the 3D structure. They
involve residues from two amphipathic helices (h3/4,
OS1) and one face of §1-3 and h2 (OS2) (Fig. 3, A and
B). Third, a few residues from loop7, such as R102 (gray
bars, Fig. 4 A), interact with the membrane roughly with
equal probability in both orientation states. A closer inspec-
tion of the trajectories further shows that bilayer-interaction
of loop7 (and in some cases h2) persist not only in the two
states but largely also during the transition between them
(see Movies S1 and S2 and Fig. S4). Lack of sufficient sam-
pling (limited number of OS1/0S2 transitions) precludes a
definitive conclusion about the mechanism of interstate tran-
sition. Nevertheless, this observation suggests that the CD
rocks between the two orientation states using loop7 as a
pliable toehold secondary to the tight anchor provided by
the HVR. This sharply contrasts with a swinging motion
that would occur if the HVR were the only anchor point.
Conformations in which the CD is held to the bilayer only
by the toehold can be considered intermediate (or transition)
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orientation states that are visited as the CD rocks between
the two main states (Fig. S4 and Movies S1 and S2).

Analyses of residue contacts separately for POPC and
POPS (Fig. 4, B and C) provided additional insights into
how OS1 and OS2 might be stabilized. K-Ras-PC interac-
tions appear to involve predominantly polar (not necessarily
basic) amino acids. These include E107/D108 of loop7 and
D132/R135/S136/Y 137 of h4 in OS1 and a number of polar/
charged residues (plus M1) at the N-terminus, 2, and
switch 2 in OS2. As might be expected, spatially proximal
basic residues, such as K101 and R135 in OS1, dominate
the interaction with PS (Fig. 4 B; see also Fig. 6). However,
CD-PS charge complementarity is attenuated, at least in
part, by anionic residues that are spatially close to the basic
residues. Some of these effects are countered by sporadic in-
teractions with selected basic residues at the HVR. Still,
CD-bilayer interaction in either orientation does not appear
to be solely electrostatic in origin (see Figs. 4 and 6).

It is conceivable that in the cellular milieu interaction
with other proteins or oligomerization modulates the type
of motion as well as the population of orientation states.
For instance, effector binding to OS1, where the effector-
binding loop is not occluded by the bilayer (Fig. 3 A), might
stabilize this orientation by increasing its population and
decreasing the population of other states via a population
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FIGURE 3 Two distinct membrane orientations
of K-Ras. Two predominant orientation states are
highlighted: OS1, where lobe 2 (h3/h4) contacts
the bilayer (A), and OS2, where lobe 1 (81-3, h2)
is in direct contact with the negatively charged
membrane (B). (C) Two-dimensional histogram of

006250 P(Zcom-tobels Zcom-lobe2) (see  Materials  and
-Z:zj: Methods) normalized by the maximum value, and
N, examples of intermediate orientations (bottom,
‘ par0 left and right) and a rare event in which lobe 2 is
ﬁ!ﬁiﬁiﬁ very close to the bilayer (fop left) highlighted by
07500 snapshots at (—47.5, —49.5), (—39.5, —47.5), and
-?ZZZO (—47, —36), respectively. Helices 3 and 4 are in

red, $1-3 in yellow, lobe 1 in blue, and lobe 2 in
pink. Membrane is shown as gray surface. To see
this figure in color, go online.

shift mechanism (44-47). Albeit indirect, our initial exper-
iments support this conclusion (see Discussion). Our
analysis also suggests the existence of intermediate confor-
mations (Fig. 3 C), which are even more prominent in the
PolyGlyK-Ras simulations (see Fig. 7) and will be discussed
further later.

HVR dynamics is coupled with changes in
orientation state

There is a negligible difference between OS1 and OS2 in
terms of the interaction of the hexa-lysine residues 175—
180 with the bilayer. Interestingly, however, the N-terminal
K175 and K176 contact bilayer only in <20% of cases in
both OS2 and OS1, respectively (Fig. 4 A). This is consistent
with a previous study of tK (the isolated farnesylated poly-
basic domain) in a POPC/POPG bilayer (24), where we
found that backbone structural constraints limit the number
of Lys side chains that can directly interact with bilayer
lipids. However, a detailed analysis of the contacts sepa-
rately for POPC and POPS indicates small but significant
differences. While contacts of the lipid anchor with PC
are comparable (Fig. 4 C), K177 and K178 are better able
to interact with PS in OSI than in OS2 (Fig. 4 B). Also,
S181 is proximal to PS in OS2 while T183 is solvated by

Biophysical Journal 110(5) 1125-1138
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FIGURE 4 Distinct sets of residues from lobe 1
(blue) and lobe 2 (pink), along with the lipid anchor
(white), contribute to membrane binding of K-Ras
in OS1 and OS2. Normalized probabilities of
bilayer contact by K-Ras residues in OS1 and
OS2 estimated based on a heavy atom distance cut-
off of 4 A: contacts with (A) all lipids; (B) POPS;

(C) POPC. (Horizontal dashed lines) 20% arbitrary
cutoff for significance. With this criterion, R102 is
the only CD residue that is near the bilayer in both
OS1 and OS2 (and in intermediate states; see
Fig. S4). Note that OS1 and OS2 also differ in

Ri102 E107

v v ‘x}ms

PS-interaction of specific lysines at the lipid anchor
(labeled). To see this figure in color, go online.
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PS in OS1 (Fig. 4 B). The linker residues 170—174 contact
the bilayer 10-25% of the time in OS2 but not in OS1.
We wondered if this could be due to structural differences
at the backbone level. To test this hypothesis, we followed a
previously described procedure (24), where we calculate a
dihedral angle defined by virtual bonds connecting the Co
atoms of consecutive residues 178—181 (D), and the distance
between the Ca atoms of K175 and K184 (d). A plot of D
versus d revealed that the HVR backbone is generally
more extended in OS2 than in OS1 (Fig. 5). In both orienta-
tions, the HVR residues 175-184 approach (to within 5 A)
loop7 residues 102-108 and to a lesser extent the $1-3 sur-
face in roughly similar proportions (Fig. S5). For example,
K170 points toward loop7 in both states. However, there

Biophysical Journal 110(5) 1125-1138

exist interesting variations as well: (1) the C-terminus and
center of the lipid anchor approach loop7 in OS1 and
0S2, respectively; (2) K175 and K177 make significant con-
tacts with loop7 in OS2 but not in OS1; and (3) the sporadic
contacts of the HVR with the $1-3 differ considerably be-
tween OS1 and OS2. These are related to the differences
in the structure of the backbone, as illustrated in Fig. 5.
Fig. 6 shows the surface electrostatic potentials derived
from the full-length protein in the two orientations. One
can see that, in each state, multiple electropositive surface
patches contact the bilayer but they are interspersed by elec-
tronegative or neutral surfaces, consistent with the presence
of negatively charged and polar amino acids near the bilayer
(Fig. 4). We realize that the protein is dynamic and no single



Oncogenic K-Ras Membrane Interaction

1133

“ FIGURE 5 HVR dynamics. The main plots and
insets highlight the relatively compact structure of
the HVR in OS1 (A) versus OS2 (B). Virtual bonds
connecting the Ca atoms of residues 178-181
define the dihedral angle (D) and the distance (d)
is between Ca atoms of residues 175 and 184. To
see this figure in color, go online.
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snapshot can capture the behavior of the ensemble. How-
ever, visualization of numerous snapshots from different
trajectories did not yield a contiguous, bilayer-facing elec-
tropositive surface such as that found in a Ras/Raf-RBD
complex. In addition, the two membrane binding surfaces
do not exhibit dramatic differences in electrostatic surface
potential (Fig. 6, A and B) or charge distribution (Fig. 4).
We propose that OS1/0S2 exchange is primarily a conse-
quence of conformational change rather than a shift in
charge distribution. This, however, does not exclude the pos-
sibility that long-range electrostatics facilitates the forma-
tion of an initial CD-bilayer encounter complex that is
further modulated by conformational fluctuations.

The observations discussed above combined with previ-
ously observed communications between the canonical
switches, loop7 and the C-terminus of the CD (41,48,49)
prompted us to ask if the structure and dynamics of the
HVR might dictate membrane reorientation of K-Ras. To
examine this, we turned to our PolyGlyK-Ras simulations
where the presence of five consecutive glycines (M170G,
S171G, K172G, D173G, plus G174) made the HVR highly
flexible. The enhanced flexibility allowed for sampling of
multiple orientations, including OS1 and OS2 (Fig. 7, A
and B) plus others, during comparatively short simulation

K1 K184 Y 3

b

times. Even orientations that were negligibly populated in
NormK-Ras were sampled well in PolyGlyK-Ras (e.g.,
ZcoM-1obel = —35). We conclude that the HVR and espe-
cially the linker play a critical role in the reorientation of
the G-domain with respect to the bilayer plane, consistent
with a previous suggestion that the orientation dynamics
of K-Ras is encoded at HVR (14).

DISCUSSION

A number of previous studies on Ras or Ras-related proteins
have shown that differential membrane orientation impacts
function (14-19,50,51). For instance, nucleotide-dependent
membrane reorientation, first predicted for G12V H-Ras by
MD (16) and subsequently corroborated by multiple exper-
imental studies (14,15,17-19), was found to affect effector
binding. Similarly, a recent study of wild-type and different
mutants of K-Ras in lipid nanodiscs found a nucleotide-
dependent dynamics whereby an orientation with occluded
switch loops was found to dominate the GTP analog
GMPPNP-bound state (19). The focus of the current work,
however, was on the potential diversity of orientations
within a single nucleotide state of monomeric GTP-bound
oncogenic mutant G12D K-Ras. We found that the catalytic

FIGURE 6 Surface potential. =1 kT/e electro-
static surface potential calculated with Adaptive
Poisson Boltzmann Solver on two snapshots repre-
senting OS1 (A) and OS2 (B). Key residues identi-
fied as bilayer-interacting in Fig. 4 are labeled.
Here, k is Boltzmann’s constant and 7 is tempera-
ture in Kelvin. To see this figure in color, go online.

Biophysical Journal 110(5) 1125-1138
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FIGURE 7 Flexibility of the linker region enhances orientation dynamics. (A) Time evolution of Zcoam.iobe1 (A) and contacts of CD residues with the
bilayer (B) for the PolyGlyK-Ras simulations numbered 1-4. (A, insets) Snapshots from different runs taken at the indicated Zconm.p.ober/time points illus-
trating the various orientations of K-Ras that were sampled, including cases where lobe 1 or lobe 2 are in close proximity to membrane. (Leftmost inset)
Common starting structure of the simulations taken from one of the NormK-Ras simulations at 275 ns, where the linker was extended. Lobe 1 is in blue,
lobe 2 in pink, bilayer is in light blue, and the HVR in gray. To see this figure in color, go online.

domain of G12D K-Ras monomer directly interacts with our
negatively charged bilayer model. The CD-bilayer interac-
tion involved multiple orientations, including two predomi-
nant orientations referred to as membrane orientation
states 1 and 2 (OS1 and OS2). In the former, helices 3
and 4 interact directly with the membrane while helix 2
and (1-3 are the main contributors in the latter. Loop7
serves as a hinge so that either lobe 1 or lobe 2, but not
both simultaneously, is presented to the bilayer. Formation
of dimers, as found in several recent studies (43,52-54),
will likely affect the distribution of the different orientation
states. A simple thought experiment based on accessibility
of surface patches to solvent would suggest that dimeriza-
tion via the proposed helical interfaces (43,53) might stabi-
lize OS2 whereas dimerization via strand 2 (53) may
stabilize OS1.

It is worth pointing out that the similar population sizes of
OS1 and OS2 and the transition between them observed in
some of our trajectories may suggest that the two states
are iso-energetic and are separated by a relatively small bar-
rier. However, we decided to limit our analysis to the struc-
tural aspects of the dynamics. This is because a reliable
thermodynamic/kinetic analysis would require far more
extensive sampling of phase space than achieved in this
work.

To assess the potential functional role of these diverse
orientation states, we superposed representative structures
for different orientations of simulated GI2D K-Ras
with the crystal structure of the Ras-Raf complex (PDB:

Biophysical Journal 110(5) 1125-1138

4GON) (55). Fig. 8 A shows that OS1 would bind Raf
without steric clashes whereas the effector protein
extensively clashes with the bilayer when docked onto
structures representing OS2 (Fig. 8 B). The effector-binding
surface in OS2 is engaged with the membrane and not avail-
able for other interactions. In fact, OS2 is remarkably
similar to the “occluded” conformation of K-Ras observed
recently in lipid nanodiscs based on paramagnetic reso-
nance enhancement measurements and HADDOCK calcu-
lations (19). However, OS1 is somewhat different from
the “exposed” conformation found in the same study. The
key difference is that helices 4/5 engage the bilayer in the
nanodisc study instead of helices 3/4 we find here. Our
simulations differ from the analysis in Mazhab-Jafari
et al. (19) in several important ways. These include the pres-
ence of a spin-label (Gd ") and a lipoprotein belt needed in
the lipid nanodisc study. Moreover, all of the current simu-
lations involved K-Ras.GTP whereas the h4/5 orientation
was favored by the inactive K-Ras.GDP in the nanodisc
study (19).

The h4/5 orientation of K-Ras observed in lipid nanodiscs
(19) was also somewhat different from G12V H-Ras’ paral-
lel membrane orientation, where it interacts with lipids via
only h4. In the current work, only a single run out of a total
of 20 (see below) sampled an orientation in which h4/5 in-
teracts with the bilayer (Fig. 2 B). None of the PolyGlyK-
Ras simulations led to bilayer interaction via h4/5 (Fig. 7)
despite the enhanced reorientation dynamics. Moreover,
only one of the NocmapK-Ras runs sampled a h4/5
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FIGURE 8 Effector binding and orientation states. Superposition of
representative structures from (A) OS1 and (B) OS2 indicates no steric clash
and substantial overlap between Raf (green) and bilayer (ice blue), respec-
tively. An orientation where neither lobe 1 nor lobe 2 is in close proximity
with membrane is capable of interacting with effector (C), while an inter-
mediate orientation that is similar to OS2 results in partial overlap of the
effector with the membrane and therefore may not be favored (D). The crys-
tal structure of Ras-Raf complex (PDB: 4GON) was used for the super-
position. To see this figure in color, go online.

orientation (Fig. 2 B, top panel) even though these trajec-
tories sampled open switch conformations that are similar
to those found in the GDP-bound Ras and state 1 GTP
Ras; this is interesting because GDP.K-Ras was shown to
prefer the h4/hS orientation (19). The second Nocmap run
sampled a wide range of conformations, including interme-
diate orientations where either the tip of h3/loop7, h2, or h4
(but not h5) interacts with the membrane (Fig. 2 B, middle
panel). We also saw interconversion between OS1 and
0S2 in the third NocmapK-Ras run (Fig. 2 B, bottom panel)
as well as one of the CMAP runs (fourth panel, Fig. 2 A), but
none involved h5 (see also Movies S1 and S2). Therefore,
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we believe OS1 and OS2 are the dominant orientation states
in G12D K-Ras.GTP, although many different orientations
including h4/5 might still be accessible.

As an initial experimental test of the biological signifi-
cance of our observations, we performed EM and FLIM-
FRET experiments in cells expressing various mutants of
R73 in the background of the constitutively active G12V
K-Ras. G12V was chosen for consistency with previous
studies (14,15) and because we do not expect major differ-
ences in clustering between V and D at codon 12. We chose
R73 because it is distal from the effector-binding loop and
therefore unlikely to directly affect effector binding, and
because it is one of the predominant residues involved in
the stabilization of OS2 (Fig. 4 A). Our choice of this residue
was also influenced by the observation that K-Ras-PS inter-
action, primarily via the hexa-lysine segment but potentially
also through the CD, is critical for plasma membrane bind-
ing (Y.Z. and J.F.H., unpublished data; (25)). R73 is the only
basic residue from lobe 1 that persistently interacts with PS
(Fig. 4 B).

No microscopic/spectroscopic method is currently avail-
able to directly measure the interaction of a single
side chain with cell membrane. Therefore, we adopted an in-
direct approach that measures changes in the overall organi-
zation of K-Ras on the plasma membrane. This entailed
measurements of cluster formation with EM and protein-pro-
tein interaction with FLIM-FRET. Because the less
conserved lobe 2 (41) and especially helices 3—5 tend to be
more reactive (22) and possibly harbor a dimerization inter-
face (43,53), we hypothesized that K-Ras homo-oligomeriza-
tion would be facilitated by the exposure of lobe 2 to solvent.
This means that destabilization of OS2 by mutating R73
would shift the population to OS1 and thereby decrease the
probability of cluster formation/oligomerization. We there-
fore mutated R73 to K and E to test the effect of the specific
charge at position 73 in cellular K-Ras clustering and self-
interaction.

Fig. 9 shows that, relative to the reference construct G12V
K-Ras, charge reversal via R73E significantly decreased
nanoclustering (Fig. 9 A) and packing (Fig. 9 B), as well
as self-association (Fig. 9, C and D). As expected, the charge
neutral R73K mutation has no effect. For example, Fig. 9 B
shows that packing densities measured by g(r) differ signif-
icantly between the two R73 mutants. Specifically, R73E
had the lowest peak value indicating weaker packing ability,
which is consistent with the reduced clustering shown in
Fig. 9 A. Similarly, for R73E, the efficiency of FRET be-
tween the donor RFP and acceptor GFP is significantly
reduced while the GFP lifetime is significantly increased.
In comparison, there was no statistically significant differ-
ence between the reference and R73K. Together, these
observations support our hypothesis that OS2/OS1 reorien-
tation is coupled with clustering, and suggest that a posi-
tively charged residue at position 73 plays an important
role in stabilizing OS2.

Biophysical Journal 110(5) 1125-1138



1136
A K-RasG12V B
4 K-RasG12V-R73K 40 1
K-RasG12V-R73E
95% C.l. 30 1
o2 20 -
=t 5 104
0 0 -
240 20 40 60
-10 - r (nm)
-2 r (nm)
c — D .5

FRET efficiency
o o o o
o o o o ©
o N & & &® =
. 3
GFP lifetime (ns)
N N N N
N DN w s
]

QQ't\'%l‘f’.‘;"

9

FIGURE 9 Spatial mapping of K-Ras.G12V R73 mutants. (A) Nanoclus-
tering of R73K and R73E mutants on the inner leaflet of the plasma mem-
brane of cells, with statistical significance evaluated by bootstrap tests.
L(r)—ris a measure of spatial clustering with the peak height corresponding
to the extent of clustering (see Prior et al. (36) for more detail). (B) g(r)
showing packing density within the nanoclusters where peak values sum-
marize the extent of packing. (C) FRET efficiency. (D) Fluorescence life-
time. The data in (C) and (D) are shown as mean * SE collected from
at least 60 cells in three separate experiments. *p < 0.05 using Student’s
t-test. To see this figure in color, go online.

Clearly, more work is required to determine exactly how
changes in membrane orientation would affect K-Ras func-
tion. When combined with previous studies of Ras (and
related) proteins in lipid nanodiscs as well as in other syn-
thetic and cell membranes (14,15,17-19,50,51), however,
our results provide an intriguing picture of how intrinsic
structural fluctuations and specific charge interactions
work together to hold the catalytic domain on a membrane
surface. This is remarkable because, given its water solubi-
lity, the catalytic domain might have been assumed to be
staying away from membrane. More broadly, our findings
reinforce the idea (16,24,56) that membrane binding of
Ras GTPases involves much more than the catalytic domain
passively hanging in water via the lipidated HVR that is
glued to the membrane.

CONCLUSIONS

We have shown that G12D K-Ras.GTP interacts with a
negatively charged POPC/POPS membrane with multiple
distinct orientations. Among these, two orientations were
found to be highly populated and are referred to as orienta-
tion states 1 and 2. Within the simulation lengths of hun-
dreds of nanoseconds that we have employed, we found
that surface residues from helices 3/4 (OS1) and helix
2/61-3 (0S2) form direct contact with the membrane. A
few residues at loop7 (and in some cases helix 2) provide
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a toehold as the catalytic domain rocks between the two ma-
jor orientation states using the HVR as a tether. The switch
region is completely solvent-exposed in OS1, which we pro-
pose is an effector-interacting orientation. The switches are
occluded in OS2, which likely makes it a not effector inter-
acting orientation. Flexibility of the linker region in the
HVR affects the orientation of the G-domain with respect
to the membrane plane and therefore may play a critical
role in function as well. Because variations in the proximity
of different surface patches of K-Ras to membrane can
affect accessibility of ligand binding sites (57), we propose
that the different modes of membrane interaction and dy-
namics should be taken into account in structure-based
drug design efforts targeting membrane-bound K-Ras.
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Movie S1: A movie showing the transition from one orientation state (OS1) to another (OS2).
The movie was generated from one of the Nocmap-K-Ras simulations (panel 3 of Figure 2B in
the main text), which is the only trajectory that underwent such a transition. The "toehold" region
comprising the C-terminus of helix-3 and loop7 is shown in purple, helices 3 and 4 are green,
and strands B1-3 and helix 2 are in orange. The residues in licorice are those within 4 A of the
bilayer (gray lines). The elements in licorice are colored as follows: nitrogen (blue), oxygen
(red), carbon (cyan), sulphur (yellow).

Movie S2: A movie showing the "rocking™ motion via the "toehold" in a NormK-Ras simulation
(panel 4 of Figure 2A in the main text). Color scheme is the same as in S1.
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Figure S1: A schematic illustration of one of the two reaction coordinates used in this paper,
Zcowm-lobe1, defined as the z-coordinate of the center of mass of lobel (residues 1-86) of K-Ras
after aligning the bilayer center at the origin. The bilayer (rectangle) is centered at the origin so
that Zcom-Lober Measures the displacement of lobe 1 (in blue) to and away from the bilayer.
Zcom-Lobez Was defined similarly to monitor the displacement of lobe 2 (pink) along the

membrane normal.
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Figure S2: Backbone root mean square deviation (RMSD) of the catalytic domain during (A)
eight NormK-Ras simulations where the CD makes direct contact with the bilayer, (B) three
NocmapK-Ras simulations, (C) three PalmK-Ras simulations, and (D) four PolyGlyK-Ras
simulations. The inset in (D) shows an overlay of the last snapshot from the four runs,
highlighting the significant conformational change of helix 3 in one of them. The flexible
residues of switch 1 (25- 40), switch 2 (57-75) and the HVR (residues 169-185) were excluded.
The equilibrated structure was used as a reference in each case except the following. As
mentioned in Methods of the main text, the NormK-Ras simulations consisted of two sub-
groups, where in one group PG to PS replacement was performed without a short no-CMAP MD
relaxation whereas in the other PG to PS replacement was done after a 20 ns relation without
CMAP. In the latter, the backbone RMSD using the initial structure as a reference was relatively
large (1.8-2.5 A) due to conformational changes prior to the application of CMAP; this was
confirmed by the finding that using the crystal structure as a reference reduced the RMSD to
about 1.2 A within the first 20 ns. Therefore, we regarded the 25 ns snapshot as a better-
equilibrated reference structure for this sub-group of simulations.
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Figure S3: Distribution of the dihedral angle phi of Gly74 among conformers in which the

catalytic domain makes direct contact with the bilayer, derived from only the NormK-Ras
simulations.
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Figure S4: A putative intermediate orientation state. (A) Population density plot highlighting
a putative intermediate orientation (purple box) identified by the P(Zcom-obers Zcom-lobe2)

analysis described in the main text. (B) Normalized probability distribution of bilayer contact of
K-Ras residues in the intermediate state. The data was derived from the NormK-Ras simulations.
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Figure S5: HVR-core interactions. Shown are percentages (y-axis) of cumulative heavy atom
contacts made by individual HVR residues (x-axis) with residues on the surface of the B1-3
region (A) and loop 7 (B) in OS1 (red) and OS2 (black).
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